The microstructures of modified CF8C-Plus Si-0.9C) with W and Cu (CF8CPWCu) and CF8CPWCu enhanced with 21Cr + 15Ni or 22Cr + 17.5Ni were characterized in the as-cast condition and after creep testing. When imaged at lower magnifications, the as-cast microstructure was similar among all three alloys as they all contained a Nb-rich interdendritic phase and Mn-based inclusions. Transmission electron microscopy (TEM) analysis showed the presence of nanoscale Cu-rich nanoprecipitates distributed uniformly throughout the matrix of CF8CPWCu, whereas in CF8CPWCu22/17, Cu precipitates were found primarily at the grain boundaries. The presence of these nanoscale Cu-rich particles, in addition to W-rich Cr 23 C 6 , nanoscale Nb carbides, and Z-phase (Nb 2 Cr 2 N 2 ), improved the creep strength of the CF8CPWCu steel. Modification of CF8CPWCu with Cr and Ni contents slightly decreased the creep strength but significantly improved the oxidation behavior at 1073 K (800°C). In particular, the addition of 22Cr and 17.5Ni strongly enhanced the oxidation resistance of the stainless steel resulting in a 100 degrees or greater temperature improvement, and this composition provided the best balance between improving both mechanical properties and oxidation resistance.
I. INTRODUCTION

CF8C-PLUS (ASTM HG10MNN) is a cast
austenitic stainless steel developed by ORNL and Caterpillar in 2002 from its precursor cast strengthened by NbC CF8C (18Cr-10Ni) stainless steel. It has excellent high-temperature creep properties due to a fully austenitic matrix. This austenitic matrix is free of the d-ferrite frequently observed in the base CF8C alloy, and the tendency to form ferrite is overcome by additions of Mn, N, and Ni, and by the presence of nanoscale Nb-rich carbonitrides. [1] [2] [3] The creep resistance of this alloy was shown to be significantly superior in comparison with CF8C steel (the cast version of wrought alloy 347), Ni resist, and SiMo cast-irons. The absence of d-ferrite, which can transform to r phase during aging or creep, is responsible for the alloy's resistance to embrittlement and maintaining good creep ductility properties, [4] both of which improve creep resistance of the alloy. [5] CF8C-Plus has been deployed in exhaust components in on-highway diesel engines and has been demonstrated in a turbine casing. [2] The microstructure of as-cast CF8C-Plus consists of primary austenite and a cubic, Nb-rich, MX-type interdendritic phase (M = Nb; X = C,N). After exposure to high temperature [1023 K (750°C)], face-centered cubic (fcc) M 23 C 6 , Nb(C,N), and the fine-scale tetragonal Z-phase (Nb 2 Cr 2 N 2 : a 0 = 0.3037 nm, c 0 = 0.7391 nm) can form. [1] In addition, based on thermodynamic calculations, r phase (FeCr) and trigonal M 2 (C,N) phase (i.e., Cr 2 N) can also form. [1, 5] It has been shown that small additions of Cu (~3 wt pct) to ferrite and Fe-austenitic alloys can improve the mechanical properties and enhance the balance between strength and ductility of the alloy [6, 7] due to precipitation hardening. During the initial stages of aging, Cu clusters form, followed by the Cu precipitation stages of body-centered cubic (bcc) structures, which transition to 9R and then to fcc during the aging. [8, 9] The size and number density of the nanoscale Cu precipitates are the main microstructural factors affecting mechanical behavior of precipitate-hardened alloys. [10] [11] [12] [13] [14] [15] Thus, a new version of CF8C-Plus was developed with the addition of~3 wt pct Cu and 1 wt pct W for solution strengthening. The W and Cu additions resulted in improved creep resistance at temperatures below 1073 K (800°C). [1, 15, 17] However, one limitation for the use of both versions of CF8C-Plus is the high-temperature corrosion resistance. Exposure of these alloys at 1073 K (800°C) in an environment containing H 2 O resulted in significant oxide scale spallation and specimen mass losses, similar to what was observed for alloys such as CF8C or 347HFG. [18] All these alloys contain relatively low levels of Ni and Cr, the key elements for the formation of a stable and protective Cr-rich oxide scale [18, 19] by selective external oxidation of the alloying element (Cr) during high-temperature service. [20, 21] The inability of the alloy to maintain its protective layer due to an insufficient Cr level to cause the exclusive, external growth of the preferred Cr-oxide triggers rapid oxidation of other elements, and fast material consumption. [20] Increasing the Cr and Ni reservoir, for instance, can contribute to extending the lifetime of the component during oxidation. The presence of water vapor during service can further degrade the protective behavior of the oxide scale by forming volatile CrO 2 (OH) 2(g) in the presence of O 2 and H 2 O. [22, 23] The exact rate of mass loss is dependent on the temperature, water vapor content, and gas velocity.
The deformation mechanism in CF8C-type alloys during creep has not been explored in great detail. One of the suggested operative creep mechanisms at 1023 K (750°C) and 100 MPa is dislocation climb and glide. [1] The presence of Nb 2 Cr 2 N 2 (Z-phase) in CF8C-Plus improves the creep strength of the alloy by impeding dislocation climb and glide. Further, the Orowan shear stress calculations for dislocation bypass indicate that Z-phase together with the NbC precipitation have a strong effect on increasing the creep strength of the material.
The goal of this paper is to assess the benefit of Cr and Ni additions regarding oxidation resistance at 973 K and 1073 K (700°C and 800°C), as well as to determine their impact on the microstructural stability and mechanical properties of the alloys at 1073 K and 1123 K (800°C and 850°C). In-depth characterization of the microstructure was performed on alloys in the as-cast condition as well as following oxidation exposure after creep-rupture testing in order to better understand the operative creep mechanisms.
II. EXPERIMENTAL PROCEDURE
Several experimental alloys were cast, which had different levels of Ni and Cr with the other elements kept at the same level, and the chemical compositions of the alloys are given in Table I . From the baseline of as-cast CF8C-Plus alloy, additions of 3 wt pct of Cu and 1 wt pct W were explored together with different additions of Cr and Ni. The alloys were tested in the as-cast condition; no heat treatment was applied prior to mechanical testing consistent with the ASTM and ASME descriptions.
Smooth-bar specimens were machined for creep testing from the as-cast alloy keel bar ingots with a 6.4 mm diameter and a 31.8 mm gauge length. Creep tests were conducted at 1073 K and 1123 K (800°C and 850°C) at applied stresses of 75 and 100 MPa in laboratory air. An extensometer system was employed together with electronic data capture to measure specimen elongation as a function of time. Creep testing was conducted according to ASTM standard E139.
Cyclic oxidation testing was performed at 973 K and 1073 K (700°C and 800°C) in air + 10 pct H 2 O with a 100-hour cycle time at temperature and gas flow rate of 1.6 cm/s. Rectangular oxidation coupons (~20 9 10 9 2 mm 3 ) were machined from plates or keel bar ingots, then polished using 600 grit SiC paper, and cleaned in acetone and methanol in an ultrasonic bath. Before testing and after each cycle, the oxidation coupons were weighed using a Mettler-Toledo model XP205 microbalance, which has an accuracy of~0.01 mg.
In order to compare the microstructure and observe its variation due to compositional alloy modifications, four different CF8C-type alloys (CF8C-Plus, CF8CPCuW, CF8CPCuW21Cr15Ni (CF8CPCuW21/ 15), CF8CPCuW22Cr17Ni (CF8CPCuW22/17)) in the as-cast condition were down selected and characterized by scanning electron microscopy (SEM) (Hitachi model S4800) using backscatter electron (BSE) imaging and by scanning transmission electron microscopy (S/TEM) (FEI Philips model CM200). The S/TEM is fitted with a Schottky field emission gun (FEG) operated at 200 kV and is equipped with an X-ray energy dispersive spectrometer (EDS). SEM metallurgical specimens were prepared by conventional metallographic polishing techniques, first using SiC paper up to 1200 grit and then colloidal silica for final polishing. These alloys did not require any homogenization heat treatments and were used in the as-cast condition. TEM specimens were prepared by grinding the material with progressively finer grit SiC paper to a thickness of approximately 100 lm and then slurry drilling to produce 3 mm disks. The electropolishing of pre-thinned disks was conducted at 257 K (À16°C) and 18 V using 600 ml methanol, 335 ml 2-butoxyethanol, 60 ml perchloric acid, and 5 ml glycerin electrolyte. Phase equilibria of the alloys were estimated using thermodynamic calculations with the JMatPro software version 6 with Fe database for comparison with actual microstructural observations.
III. RESULTS
The as-cast microstructures of the baseline CF8C-Plus, CF8CPWCu, and modified CF8CPWCu alloys with 21Cr15Ni (21/15) and 22Cr17Ni (22/17) were compared in the as-cast conditions using SEM backscattered imaging ( Figure 1 ). The microstructures observed at low image magnifications were similar for all of the alloys and consist of Nb-rich, MX-type interdendritic phase (X = C,N), referred to in this study as Nb(C,N) [1] and Si,Mn-rich inclusions within the dendritic grain structure. The main difference among the alloys was observed by TEM analysis at higher magnification ( Figure 2 ). Previous characterization of CF8C-Plus [1] showed the presence of Nb(C,N) and Z-phase (Nb 2 Cr 2 N 2 ) precipitates. The microstructure of the CF8CPWCu alloy showed nm-sized (~8 nm) particles distributed uniformly throughout the matrix in addition to the two phases (Nb(C,N) and Z-phase) mentioned above (Figures 2(a) and (b)). EDS analysis showed that the nanoparticles are Cu-rich ( Figure 3 and (f)) alloys. EDS analysis confirmed that fewer Cu-rich nanoparticles were observed in CF8CPWCu21/15 ( Figure 3(d) ), while a Cu elemental map generated from CF8CPWCu22/17 showed that no Cu-rich nanoparticles were present in the matrix (Figure 3(f) ). The microstructural analysis partially agrees with the phases predicted from thermodynamic calculations, as shown in Figures 3(a) , (c), and (e). CF8CPWCu had the highest predicted volume fraction of Cu among these alloys [2.2 wt pct at 873 K (600°C); Figure 3 (a)], which decreased with increasing Cr and Ni contents. Although the as-cast microstructure of CF8CPWCu was not in the equilibrated state, it was consistent with an alloy composition having a higher amount of Cu (2.8 wt pct) than modified alloys with Cr and Ni (~2.6 wt pct) shown in Table I . The thermodynamic calculations also show that Cu precipitation should start above 1073 K (800°C) in the CF8CPWCu alloy, while Cu precipitation should start below 1073 K (800°C) for the two modified CF8CPWCu alloys. Cr-and Fe-rich spherical precipitates and large (~100 nm) Nb-rich carbides were randomly distributed throughout the matrix in both modified CF8CPWCu21/15 and in CF8CPWCu22/17 alloys. Although a very low number of Cu-rich nanoparticles was observed in the CF8CPWCu22/17 matrix, Figure 4 clearly shows that they are present at grain boundaries, with a diameter range of 5 to 30 nm. Figure 4(b) shows an example of an EDS line profile acquired across a nanoparticle located at the grain boundary. An increase in Cu signal intensity at the nanoparticle confirms the existence of Cu-rich nanoparticles in CF8CPWCu22/17. 
A. Mechanical Properties
To understand the influence of Cu, W, Cr, and Ni alloying additions on the mechanical properties under expected service conditions [20 to 100 MPa at 873 K to 1173 K (600°C to 900°C)], all three alloys were creep rupture tested at 1073 K and 1123 K (800°C and 850°C) with an applied stress of 75 or 100 MPa. The creep results are shown in Figure 5 , and for comparison, results for CF8C-Plus and a Fe-25Cr-35Ni + Nb base commercial cast austenitic stainless steel (HP40Nb) are included. As expected, at the lowest stress and temperature [75 MPa/1073 K (800°C)], the alloys experienced the longest lifetimes, with alloy CF8CPWCu exhibiting the longest creep lifetime (3163 hours) for all the tested materials, which is comparable to and slightly higher than the lifetime for alloy CF8C-Plus (3116 hours). Both of the modified CF8CPWCu alloys with Ni and Cr showed lower creep lifetimes, with CF8CPWCu22/17 having the shortest 1776 hours at 75 MPa/1073 K (800°C) and 162 hours at 100 MPa/ 1073 K (800°C). When the performance of these three alloys is compared with HP40Nb, all the CF8C-Plus After 1776 hours of testing at 1073 K (800°C), the microstructures of stressed (gauge section) and unstressed (grip section) areas of CF8CPWCu22/17 were compared to investigate the effect of creep deformation on microstructural evolution (Figures 1(e) and (f)). In addition to the carbides (Cr 23 C 6 ), Nb(C,N) interdendritic phases and Si,Mn-based inclusions already present in the as-cast materials (Figure 1(b) ), rod-shaped precipitates formed in both the gauge (75 MPa) and grip (0 MPa) sections during creep testing. These rod-shaped precipitates were elongated in three different crystallographic directions. EDS elemental maps were used to show that the precipitates were enriched in Cr, W, and Si. SEM backscattered observation showed a higher volume fraction of rod-shaped precipitates in the gauge section than in the grip section, indicating that the growth kinetics of the precipitates were accelerated due to the applied stress during creep deformation.
B. Oxidation
Oxidation testing was also carried out in air + 10 pct H 2 O at 973 K and 1073 K (700°C and 800°C) on the four different alloys, and the specimen mass changes are shown in Figure 6 . Duplicate samples were run with one sample removed after 1000 hours exposure and the second sample removed after 5000 hours exposure. At 973 K (700°C), small mass gains were observed for all the specimens. For alloy CF8CP-Plus, a rapid increase in the mass gain was observed after the first 1000 hours in air + 10 pctH 2 O, followed by a stationary regime with nearly no mass change. After~3000 hours, the alloy increasingly lost weight due to spallation of the surface scale. For alloys CF8CPWCu, CF8CPWCu21/ 15, and CF8CPWCu22/17, the rapid mass gain was preceded by an incubation period of~1000 hours with low mass gains. The mass increase stopped after~2000 hours of exposure, and the mass change stayed nearly constant, between 1.5 and 2 mg/cm 2 , for the remaining 3000 hours of exposure.
The oxidation behavior of the alloys was drastically different at 1073 K (800°C) (Figure 6(b) ). Significant mass losses were observed for alloy CF8C-Plus, reaching À41.3 mg/cm 2 after only 1000 hours. This poor oxidation behavior of CF8C-Plus has been observed previously, [17] while alloys CF8CPWCu and CF8CPWCu21/ 15 performed slightly better, with a short period of mass increase followed by continuous mass loss up to 5000 hours, reaching À16 and À8 mg/cm 2 , respectively. CF8CPWCu22/17 exhibited much better oxidation resistance, with moderate mass losses after a short period of mass increase, with À0.5 mg/cm 2 mass loss after 5000 hours.
Results from the analysis of cross sections of the CF8C-Plus, CF8CPWCu, CF8CPWCu21/15, and CF8CPWCu22/17 alloy specimens exposed at 973 K (700°C) can be found elsewhere. [29] Briefly it can be summarized that the oxide scale formed on the CF8C-Plus specimen exposed for 1000 hours at 973 K (700°C) indicated a three-layer structure: an outer Fe-rich layer, an intermediate Ni-rich layer, and Cr-rich internal nodules. Between the inner oxide nodules, zones depleted in Cr were observed. The oxide formed on alloy CF8CPWCu22/17 contained only a thin (Cr,Mn,Si) spinel layer at the surface of the specimen, with a~5-lm Cr-and Mn-depleted region beneath the surface oxide layer. After 5000 hours of exposure, a typical dual oxide scale had formed on all the alloys. For alloy with 22Cr, an outer Fe-rich layer formed with two thin Cr-rich layers surrounding a Ni-rich layer.
In the present study, a detailed examination of the specimens tested at a higher temperature [1073 K (800°C)] was conducted. Analysis of the specimen surfaces tested at 1073 K (800°C) for 5000 hours showed non-homogeneous degradation, especially for alloys CF8CPWCu and CF8CPWCu21/15, with large areas of severe corrosion attack. Cross sections of the alloy samples after testing for 1000 and 5000 hours at 1073 K (800°C) in air + 10 pct H 2 O are shown in Figure 7 . Not surprisingly, after 1000 hours at 1073 K (800°C), a thick porous oxide scale was observed for the CF8C-Plus specimen with scale cracking and spallation (Figure 7(a) ). Figure 7 (b) shows a~10-lm-thick oxide scale formed at the surface of alloy CF8CPWCu after 1000 hours with a sign of longitudinal cracks. After 5000 hours, the scale remained relatively unchanged in some areas (Figure 7(c) ), but in the areas of greatest attack (Figure 7(d) ), a thick oxide scale was present with some cracks and evidence of spallation, similar to observations for alloy CF8C-Plus after only 1000 hours (Figure 7(a) ). Alloy CF8CPWCu22/17 was the only alloy to exhibit limited localized oxidation attack, and representative oxide scales formed after 1000 and 5000 hours are shown in Figures 7(g ) and (h), respectively. Overall, the oxide scales developed on alloys CF8CPWCu, CF8CPWCu21/15, and CF8CPWCu22/ 17 away from the localized high oxidation areas appeared to be similar, and elemental maps generated via the electron probe microanalyses (EPMA) technique after 5000 hours at 1073 K (800°C) indicated the formation of three distinct layers within the scale with an Fe-rich outer layer, an intermediate Ni-rich layer, and an inner Cr-rich layer, and an example of EPMA maps acquired from CF8CPWCu is shown in Figure 8 .
C. Microstructure After Creep
Based on the creep and oxidation results, alloy CF8CPWCu22/17 after creep testing at 75 MPa/ 1073 K (800°C) for 1776 hours was down selected for further microstructural characterization using TEM. The microstructures of CF8CPWCu22/17 for samples taken from the grip (0 MPa) and the gauge (75 MPa) sections are presented in Figure 9 . In addition to the presence of large interdendritic Nb(C,N) and Si,Mn-rich particles observed in the as-cast alloy (Figure 1) , creep testing at 1073 K (800°C) resulted in the formation of Cr 23 C 6 carbides. Bright-field (BF) STEM images (e.g., Figure 9 (c)) show several Cr 23 C 6 carbides (with corresponding electron diffraction pattern oriented along [011] direction in Figure 9 (c)) that formed during exposure to high temperature. Exposure at 1073 K (800°C) also resulted in the formation of Cr,Fe-rich precipitates (r phase (FeCr)) and their enrichment with Cu (Figures 9(b) and (d); Table II) , which is shown in the EDS spectra that is green in color called ''precipitate'' ( Figure 9(f) ; Table II) . A large number of Cr,Nb-rich precipitates (CrNb (C,N) ), [30] ~1 50 to 200 nm in size, were uniformly distributed throughout the matrix (Figure 10 ) based on analysis of the microstructure, as well as NbC precipitates, less than 50 nm in size, as confirmed by EDS point analysis (Figure 9(f) ). EDS elemental maps in conjunction with electron diffraction analysis generated from the gauge and grip sections of the CF8CPWCu22/17 alloy (Figure 10 ) confirmed the existence of the Cr 23 C 6, r-phase (FeCr) and CrNb precipitates. In addition, elemental maps of Cu generated using an electron beam size of~1.2 nm showed non-uniformly distributed Cu-rich particles that werẽ 10 nm in size, which are designated as Cu-phase by others. [5, 13] These precipitates in CF8CPWCu22/17 were randomly distributed when compared with the EDS Cu map acquired from cast CF8CPCuW (Figure 3(b) ). Further, short rods~20 nm in length or equiaxed (10 to 20 nm diameter) precipitates were also observed in both the grip and gauge sections, which were identified as the expected Z-phase (Nb 2 Cr 2 N 2 ) using Fast Fourier Transforms (FFTs) from high-resolution TEM images; a high-magnification TEM image of a Z-phase precipitate is shown in Figure 9 (e), which was previously observed by Evans et al. [1] in CF8C-Plus after creep testing at 750°C/100 MPa/684 hours. Z-phase was also observed in wrought austenitic steels containing both Nb and N. [24] [25] [26] Z-phase forms quickly and is well developed within a short exposure time between 873 K and 1273 K (600°C and 1000°C) and typically exhibits two distinct morphologies: equiaxed or rectangular. [25, 26] Z-phase has coherent and incoherent interfaces with the better atomic fit of the elongated faces with the austenite matrix. [27, 28] Therefore, the growth rate at the ends of the rods should be expected to be much greater than that of the elongated faces, and subsequent lengthening along its long axis, which is parallel to the h001i austenite matrix. [26, 27, 28] This can explain the rod shape of Z-phase observed in our study, with its growth favored by the orientation relationship with the matrix. A summary of precipitates found in CF8CPWCu22/17 is shown in Table II . The main difference between grip and gauge sections is, as expected, a higher dislocation density in the gauge section due to applied stress and subsequent creep deformation and strong dislocation-particle interaction, which increases the nucleation frequency of the nanoscale carbides and Cu-rich nanoparticles on the dislocations, effectively resulting in increasing the creep resistance. It is speculated [1] that the dislocations are pinned by these incoherent precipitates (Orowan hardening), which then prevents dislocation climb/glide and directly contributes to the observed creep resistance.
IV. DISCUSSION
Creep properties can be strongly affected by alloy composition. The modifications in the alloy chemistry of CF8C-Plus with W and Cu to produce CF8CPWCu stainless steel effectively improved the creep strength of the alloy by extending the secondary creep (steady state, minimum creep rate) regime, which in turn extended the creep lifetime. [15, 17] It has been shown that the creep strength of CF8CPWCu is similar to that of Ni-based superalloy 617. [31] The addition of W strengthens the alloy by solid solution strengthening, and it also affects the formation of Cr-rich M 23 C 6 carbides that form during exposure to high temperature, along with other Nb carbides. Both types of carbides contribute to improving the creep strength by precipitation hardening, as supported by a strong interaction with dislocations. Cu is intentionally added to further stabilize the austenite phases since it behaves similar to Ni and improves the high-temperature strength. [15] [16] [17] Addition of more than 2.5 pct Cu to other austenitic steel contributes to the formation of Cu-rich nanoscale precipitate dispersions [10] [11] [12] [13] [14] [15] with diameters ranging from 15 to 50 nm. One such example is Super 304H, which has Cu-enriched precipitates after aging for various times at 973 K (700°C). [32] Previous research [15, 17] has speculated that the addition of Cu to the cast CF8C-Plus steel has the same beneficial effect as shown in various wrought alloys. [11, 12] The role of Cu in alloy CF8CPWCu, however, has not been clearly addressed. The present study confirmed that the addition of Cu strongly correlates with the increased creep strength observed for CF8CPWCu stainless steel at 973 K to 1173 K (700°C to 900°C), and TEM analysis demonstrates that the increased creep-rupture resistance of alloy CF8CPWCu can be attributed to the uniform distribution of nanoscale Cu-rich particles present throughout the as-cast matrix. These Cu-rich particles act as an additional obstacle to dislocation motion together with that imparted by other precipitate barriers such as Nb carbides and Cr-rich carbides. Moreover, the presence of Z-phase, already present in CF8C-Plus, further contributes to improving the creep properties [1] due to the resistance to coarsening during over aging with an excellent high-temperature stability. [25] CF8CPWCu stainless steel has more creep strength but less creep-rupture ductility than CF8C-Plus at 1023 K and 1073 K (750°C and 800°C). It is typical for strength and ductility to be trade-offs. [31] CF8CPWCu, however, exhibits higher creep-rupture ductility than standard CF8C steel. Nevertheless, the good creep-rupture ductility is due to the alloy having resistance to the formation of detrimental r-phase, d-ferrite, and/or other intermetallics. [31] Further modification of CF8CPWCu with increasing/varying levels of Ni and Cr (21Cr + 15Ni and 22Cr + 17.5Ni) decreased the creep lifetime when compared with CF8CPWCu, which is likely to be related to lower density of Cu-rich nanoparticles present in the matrix. In Fe-alloys with a bcc matrix, [32] atomic-scale observations by TEM showed that nanoscale Cu-rich nanoparticles had a core-shell structure with Cu-rich bcc core and B2-ordered Ni(Mn,Al) shell. Small changes in the Ni content within the alloy strongly affected the overall precipitates size by changing the shell thickness of B2-Ni(Mn,Al) phase. The addition of higher amounts of Ni and Cr likely increased the solubility level of Cu within the alloy and decreased the volume fraction of the precipitates formed in the matrix, which resulted in Cu precipitation mainly along grain boundaries; this was confirmed by the thermodynamic calculations ( Figure 3) . The formation of a lower volume fraction (~1.5 wt pct) of Cu-rich nanoparticles was predicted for both austenitic alloys with increased level of Ni and Cr, while a higher volume fraction (greater than 2 wt pct) was predicted for CF8CPWCu stainless steel. The existence of Cu-rich nanoparticles at the grain boundaries was primarily found in the CF8CPWCu22/17 alloy, which could actually have an adverse effect on the creep ductility, and possibly the creep strength. The main purpose of modifying CF8CPWCu with either 21Cr + 15Ni or 22Cr + 17.5Ni was to improve the oxidation resistance relative to the base CF8C-Plus alloys and to improve the balance between creep strength and oxidation resistance. As expected, increased levels of Cr and Ni significantly improved the oxidation behavior of these modified alloys. Based on the mass change results during oxidation in air + 10 pct H 2 O, no distinguishable differences were observed during oxidation at 973 K (700°C) between CF8CPWCu, CF8CPWCu21/15, and CF8CPWCu22/ 17. The formation of a protective Cr 2 O 3 scale led to low mass gains during the early stage of the tests for the three alloys. However, Cr consumption resulted in a decreased Cr reservoir at the specimen surface below the critical concentration to form Cr 2 O 3 and provoked the outward growth of an Fe-rich oxide and the inward growth of a Ni-rich oxide. The consumption of Fe and Ni contributed to an increase of the Cr content, and consequently, a new Cr 2 O 3 layer formed at the specimen surface, which is why a four-layer oxide structure was observed after 5000 hours at 973 K (700°C) [29] not shown in this paper.
Oxidation at 1073 K (800°C) showed large variations in the oxidation behavior between alloys. Modification of CF8C-Plus with W and Cu slightly improved the oxidation behavior of the alloy; however, as expected, increased levels of Cr and Ni were required to strongly enhance the oxidation performance of the stainless steel. The best-performing alloy was CF8CPWCu22/17, which exhibited only a small mass loss after 5000 hours at 1073 K (800°C). The formation of a three-layered oxide scale was observed. A likely explanation for this behavior is that a Cr-rich layer grows at the beginning of the oxide scale evolution, [29] but the Cr content in the alloy dropped below the critical level necessary to sustain growth of the Cr-rich oxide. Fe-rich oxide layers subsequently form above and beneath the Cr scale, respectively. The consumption of Fe and Ni during scale formation leads to a relative increase of the Cr content at the alloy surface, thereby allowing the alloy to grow its second Cr-rich oxide layer. While entirely speculative, this scenario is logical and consistent with the unusual experimental layered surface oxide observations. The modification of the Ni and Cr levels to 22Cr + 17.5Ni in CF8CPWCu opens the opportunity for future applications of this alloy for use at 1073 K (800°C) and above. A 100°C or more improvement in operating temperature of CF8CPWCu22/17 compared with standard CF8C-Plus could be realized with only a small sacrifice in creep strength. It should be emphasized that the good creep properties of all three alloys are for the as-cast condition without any additional post-cast heat treatment, which represents a definite advantage for many applications.
V. CONCLUSIONS
Modified cast stainless steel alloys were examined and compared with a standard CF8C-Plus alloy. The creep-rupture tests showed outstanding performance of CF8C-Plus modified with W and Cu (CF8CPWCu). The strength was attributed to solution strengthening due to the presence of Mo and W, and synergistic precipitation strengthening due to the formation of Nb carbide, Cr-rich M 23 C 6 , nano-size Z-phase (Nb 2 Cr 2 N 2 ), and Cu-rich nanoparticles. To improve the oxidation behavior of the alloy, the amounts of Cr and Ni were increased, which resulted in a decrease in alloy creep strength. After oxidation testing at both 973 K and 1073 K (700°C and 800°C), three-layer oxide scales were observed with a Fe-rich outer layer, an intermediate Ni-rich layer, and an inner Cr-rich layer.
The level of 22Cr + 17.5Ni strongly improved the oxidation behavior of the CF8CPWCu stainless steel, resulting in a~100 degrees or higher temperature improvement for alloy applications. The as-cast microstructures of all three alloys were complicated, and additional studies are needed to better understand the relationship between microstructure and mechanical properties. However, initial examination showed strong dislocation interactions with the various precipitates/particles present, confirming their contribution to improving the creep strength.
